Abstract. Low thermal conductivity of magnetorheological (MR) fluid limits its potential to be applied in high temperature environment. Recently, enhancing thermal conductivity of similar fluids through addition of nano copper has attracted to address the problem. This paper presents the effects of nano copper addition on thermal conductivity properties of MR fluid at different environment temperatures. The nano copper added MR fluid samples were synthesized with carbonyl iron powder in hydraulic oil. The samples were then stabilized with addition of fumed silica and were homogenized using ultrasonic bath. Thermal conductivity of the samples and references material was measured using thermal property analyser. The environment temperature of the samples was controlled by waterbath incubation method. The results showed that enhancement of thermal conductivity with the presence of copper nanoparticles was higher at 40 vol% of CIP compared to 20 vol% of CIP and a slight variation in thermal conductivity of MR fluid was observed in environment temperatures of 30-70°C. This finding leads to development of new class of magnetorheological fluid with enhanced thermal properties.
Introduction
Magnetorheological (MR) fluids possess phase change behaviour where rheological properties of the material are alterable with magnetic field [1] . Due to this advantage, MR fluid is beneficial to be applied in active and semi-active devices [2] . However, at high temperature environment, instability behaviour of shear thinning and decreasing shear stress is significant. Improving thermal conductivity of MR fluid may dissipate heat at higher rate and eventually overcome those problems.
Analogous to materials like ferrofluids, thermal conductivity of MR fluid can be increased by either increasing particle volume fraction of magnetic particles [3, 4] or adding nano-metal particle [5, 6] . Smaller particles size resulted in increment of thermal conductivity as much as 5% in Al2O3 nanofluid with 150 nm particles size. Whereas, in nanofluid containing 47 nm particles size, 10% enhancement of thermal conductivity was recorded [7] . Furthermore, base fluid properties are significant to set minimum value of thermal conductivity. In a study of base fluids effect on thermal conductivity of nanofluid containing graphene oxide nanosheets, mineral oil based fluid was found to enhance the thermal conductivity by ratio of 76.8% compared to propylene glycol at 62.3% and distilled water at 30.2% [8] . Enhancement of thermal conductivity was also reported in metals and metal-oxide based nanofluids where aluminium and alumina additive enhanced thermal conductivity by 27% and 17%, respectively [8] . Copper nanoparticle has been reported as an additive in nanofluids with high melting point temperature, non-magnetic and high thermal conductivity [9] . In this study, the effect of copper nanoparticle additive in MR fluids was measured. MR fluid samples were measured at different CIP, base fluid, and copper nanoparticles percentages.
Materials
MR fluid samples were synthesized from three main components; carbonyl iron particle (CIP); hydraulic oil (HO) and copper nanoparticle (nano-Cu). The carbonyl iron OM grade CIP with 4-6 µm of average particle size was used as a magnetic media. Figure 1 depicts the morphology of the CIP with spherical particle shapes. Hydraulic oil (HO) was chosen for this study due to excellent anti-wear properties and multi-metal compatibility. It has a high viscosity index, which is less affected by temperature change. By possessing the main selection criteria, HO with ISO 68 standard was selected as the base fluid. Selection of suitable additive in MR fluid composition is crucial [10] . Beside fume silica to stabilise the suspension, copper nanoparticle were selected as the additive for this research. The copper nanoparticles were received in form of powder with average particle size of 40-60 nm. Thermal conductivity of copper nano particle is as high as 401 W/m.K. Table 1 shows the typical properties of CIP, HO and CU. 
Synthesis of MR fluid
The MR fluid samples were prepared using steps adopted from previous study [11] . Firstly, Cu powders were mixed with SiO 2 and HO in a beaker. The solution was then homogenized in an ultrasonic bath (Branson 3800 CPXH Series) at 60°C for 90 minutes and degassed for 15 minutes. This was done to break all the aggregated particles and remove air in the solution. Then, the solution is mixed with CIP by an overhead stirrer at 800 rpm for about 30 minutes. The overhead stirrer utilized a standard pivoting blade impeller, which is suitable for agitating solution at high speed. Finally, the sample went through secondary homogenization and degassing at 60°C for 90 minutes and 15 minutes, respectively. A total of 7 samples have been synthesized with different concentrations. The concentration range for CIP and nano-Cu powders were 20 -40 volume % and 0 -5 volume %, respectively. A description of samples is given in Table 2 .
Experiments and characterization
The thermal conductivity property was measured by using 'KD2 Pro Thermal Property Analyser', which is based on transient hot wire method. The instrument is able to control and measure the heat conduction with an accuracy of ±5%. The thermal conductivities of the samples were measured in the temperature range of 30-70°C with an interval of 10°C. For each samples, measurements were taken 3 times at specified temperatures to get the average thermal conductivity. A waterbath of 'Memmert WNB 7' was used to control environment temperature where the samples incubated.
Results and discussion
Characterization of the samples shows significant difference in thermal conductivity as depicted in Table 2 . Representation of the results in Table 2 is shown in Figure 2 . There are three major interpretations of the results. Firstly, the thermal conductivity of samples with 40% CIP were higher compared to samples that having 20% CIP. Though this common finding was expected, a dramatic improvement of thermal conductivity at 40% CIP is considered significant. This behaviour was due to heat transfer in the micro system dominated by conduction behaviour between CIP particles. Secondly, addition of Cu nanoparticle to MR fluid will increase the thermal conductivity. This was due to the size of Cu nanoparticle allow larger random Brownian motion and, consequently, the convection-like effects become dominant, while the MR fluid conductivity increases. This is in agreement with microconvection model, where the local convection is caused by the Brownian motion of the nanoparticles in base fluid. An increase in thermal conductivity with decrease in particle diameter is predicted by microconvection model. Thirdly, a slight increase is observed at 5 volume % of nano-Cu for samples with 20 volume % of CIP while significant increase is more pronounced at 5 volume % of nano-Cu for samples with 40 volume % of CIP. The visibility of this catalytic effect at higher density MR fluid was due to conduction effect of both CIP and Cu particles where most particles are very close and in contact with each other.
Effects of environment temperature on thermal conductivity of MR fluid are depicted in Figure 3 . All samples showed there are variations of thermal conductivity properties. However, the variations are small with standard deviation of 0.010 (Sample 1), 0.004 (Sample 2), 0.011 (Sample 3), 0.008 (Sample 4), 0.010 (Sample 5), and 0.029 (Sample 6 and 7). This was due to the effect of temperature is only significant to base fluid. However, the thermal conductivity of hydraulic oil is stable at wide range of temperature. Sample 5 has higher thermal conductivity than Sample 6 though CIP concentration of Sample 5 is only 35 volume % compared to Sample 6 at 40 volume %. This is mainly due to the nano-Cu presence in Sample 5, which is at 3.75 volume % than Sample 6 without Cu. Thus, it justifies the usage of nano-Cu in MR fluid to not only can increase thermal conductivity, but also can reduce the viscosity of MR fluid. 
Conclusion
Thermal conductivity of MR fluids with addition of copper nanoparticles was enhanced. At 40 volume % of CIP, increased of thermal conductivity was higher than MR fluid sample of 20 volume % of CIP. The changes of environment temperatures from 30 to 70°C were unable to vary the thermal conductivity of MR fluids with standard deviations of less than 0.03 W/m.K.
